Abstract: This study investigated the effect of amino carbonylation (Maillard reaction) on the function of the epidermal basement membrane (BM) by analyzing epidermal cell proliferation and keratinization and stratum corneum barrier function using a three-dimensional human epidermal BM model treated with glyceraldehyde. Intracellular ATP levels were lower in cells cultured on amino-carbonylated epidermal BM as compared to those in normal epidermal BM (control). Moreover, trans-epidermal water loss was increased by culturing on amino-carbonylated BM relative to the control; this was accompanied by downregulation of filaggrin, transglutaminase-1, and serine palmitoyltransferase 2 mRNA levels. p-Hydroxybenzoic acid methyl ester (methylparaben) abrogated the decrease in ATP production and filaggrin expression in human keratinocytes induced by amino-carbonylated collagen. Thus, amino carbonylation of the epidermal BM inhibits moisture retention, keratinization, and ceramide synthesis and disrupts the barrier function of the stratum corneum. These findings suggest that methylparaben can be an effective additive to cosmetics for improving epidermal function that is compromised by amino carbonylation.
Introduction
Aldehyde groups in reducing sugars are modified by and form crosslinks with the amino groups of lysine or arginine residues in proteins, leading to alterations in the three-dimensional structure, physical properties, and activity of the latter. This amino carbonyl reaction is known as glycation or the Maillard reaction and generates advanced glycation end products (AGEs) via oxidation, dehydration, and condensation [1] . Collagen is a structural protein that is a component of all organs including the skin, blood vessel walls, and bones, and is subject to amino carbonylation [2] . AGEs are generated not only from glucose but also from its metabolic intermediates and degradation products as well as from Maillard reaction intermediates. AGEs derived from glyceraldehyde-a metabolic intermediate of glucose-have been linked to the development and progression of some diseases [3, 4] .
AGEs accumulate during aging, and are especially abundant for proteins with a slow turnover, such as collagen [5] . Studies of skin AGEs have mostly focused on the dermis, which has a high collagen content. Collagen fibers have a triple-helical structure and maintain the visco-elasticity of the skin, which is lost when the fibers are crosslinked as a result of the amino carbonylation of lysine and arginine residues in collagen [6] , leading to skin hardening and wrinkling [7, 8] . N ε -(carboxymethyl) lysine (CML) is a typical AGE in the skin that does not form crosslinks or exhibit fluorescence [9] . Accumulation of AGEs in the dermis gives the skin a yellowish color [10] , causes nuclear factor-κB activation, and induces inflammation [11, 12] . AGEs also promote melanin synthesis [13] . Aminoguanidine [14] , N-phenacylthiazolium bromide [15] , pyridoxamine [16] , cerivastatin [3] , metformin [17] , pioglitazone [17] , pentoxifylline [17] , longistatin [18] , quercetin [19] , plantamajoside [20] , and N-acetyl-L-cysteine [21] have been shown to inhibit AGE formation.
Decreases in the amounts of natural moisturizing factor (NMF), intracellular lipid, and ceramide in the stratum corneum decreases moisture and the barrier function of the stratum corneum, resulting in dry skin [22, 23] . Filaggrin (FLG) is a protein involved in NMF production and water retention in the stratum corneum [24] , which consists of thick cell membranes that are lined with an intracellular insoluble membrane, known as a cornified cell envelope (CE) , that strengthens the cell membrane [25, 26] . Transglutaminase-1 (TGase1) is involved in cornification [27, 28] and catalyzes the cross-linking of proteins by condensing a primary amine of lysine to the amino group of glutamine and transferring a substituent on the former to the latter [29, 30] . Omega-hydroxy ceramides attach to the outside of CEs and are required for cornification. Thus, both CEs and ceramides play important roles in maintaining the normal barrier function of the stratum corneum [25, 31, 32] . Ceramides are synthesized by enzymes such as serine palmitoyltransferase 2 (SPTLC2), which catalyzes the condensation of L-serine and palmitoyl-CoA during the keratinization of epidermal cells. Sphinganine is subsequently converted to sphingomyelin and glucosylceramide, which are then reconverted to ceramides by β-glucocerebrosidase (βGCase) and acid sphingomyelinase (aSMase) [33] .
The present study investigated whether collagen in the epidermal basement membrane (BM) is a target of amino carbonylation and how this affects epidermal cell proliferation and keratinization and stratum corneum barrier function using a three-dimensional (3D) human epidermal BM model. We evaluated 34 types of cosmetic material for their ability to inhibit AGE production. Methylparaben showed the most potent inhibition of AGEs at a concentration that was non-toxic to cultured cells. We investigated the effects of methylparaben on the function of keratinocytes cultured on amino-carbonylated collagen.
Materials and Methods

Materials
Human keratinocyte and culture medium for the 3D human epidermis model (LabCyte EPI-KIT; Japan Tissue Engineering Co., Tokyo, Japan) were purchased from Japan Tissue Engineering (Gamagori, Japan). The HaCaT human keratinocyte cell line was obtained from Cell Lines Service GmbH (Eppelheim, Germany). Glyceraldehyde was from Wako Pure Chemical Industries (Osaka, Japan). p-Hydroxybenzoic acid methyl ester (methylparaben) was from Ueno Fine Chemicals Industry (Osaka, Japan). Native collagen acid solution (IAC-30 Native collagen bovine dermis) was from Koken (Tokyo, Japan). Other reagents used in the experiments were obtained from Wako Pure Chemical Industries (Osaka, Japan).
Determination of Effects of Glyceraldehyde on the Relative Fluorescence Intensity Associated with Amino Carbonylation of Epidermal BM
After adding 15 µL of 40 mmol/L or 100 mmol/L glyceraldehyde solution or phosphate-buffered saline (PBS) to 285 µL of a diluted BM extract, 300 µL of the BM extract was added to a 24-well culture plate (Falcon; Thermo Fisher Scientific; Waltham, MA, USA), and was allowed to gel for 30 min at 37 • C in an incubator. The 24-well plate was incubated in a humid chamber for two, four, and six days at 37 • C in the incubator. Relative fluorescence intensity (excitation/emission, 360/460 nm) was measured with a fluorescence microplate reader (Multi-Detection Microplate POWERSAN HT; BioTek, Winooski, VT, USA). Results are expressed as the mean ± standard deviation of three experiments.
Culture of Epidermal Keratinocytes on Amino-Carbonylated BM
After adding 2.5 µL of 100 mmol/L glyceraldehyde solution or PBS to 47.5 µL of the diluted BM extract, 50 µL of the BM extract was added to a 24-well culture insert (Falcon; Thermo Fisher Scientific; Waltham, MA, USA), and was allowed to gel for 30 min at 37 • C in the incubator. The 24-well plate was incubated in the humid chamber for six days at 37 • C in the incubator. After three washes with PBS, the culture medium for the 3D epidermis was added to the 24-well culture plate and followed by incubation for 24 h. The 3D human epidermis model (LabCyte EPI-KIT) was cultured for 10 days at 37 • C in a CO 2 incubator. The relative fluorescence intensity (excitation/emission, 360/460 nm) was measured with the fluorescence microplate reader. ATP measurement reagent ("Cell" ATP Assay reagent; Toyo Ink Co., LTD., Tokyo, Japan) was added, and after 30 min the relative luminescence (RLU/sec) was measured as the amount of ATP. The experiment was carried out with triplicate samples.
Measurement of Transepidermal Water Loss (TEWL) in the 3D Human Epidermis Model
The 24-well culture insert containing the epidermis was inserted into an agar plate maintained at 37 • C, and TEWL was measured using a Tewameter TM210 (Courage and Khazaka Electronic GmbH, Köln, Germany). TEWL was measured at room temperature (22 • C) and 40% humidity. Probes were well-suited for TEWL measurements on the culture insert. To obtain stable TEWL measurements, the insert was placed in a suitable hole on an agar plate warmed at 32 • C.
Measurement of FLG, TGase1, SPTLC2, βGCase, and aSMase mRNA Levels
After measuring TEWL, total RNA was isolated from the 3D model of human epidermis using an mRNA Extraction kit (Qiagen K.K., Tokyo, Japan) according to the manufacturer's instructions. The expression levels of FLG, TGase1, and SPTLC2 were determined using a real-time reverse transcription PCR kit (Takara Bio, Otsu, Japan) on an ABI PRISM 7900HT system (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocols, with β-actin used as an endogenous control. Primers used to amplify FLG, TGase1, SPTLC2, βGCase, aSMase, and β-actin were purchased from Qiagen. Relative changes in mRNA expression levels were calculated with the 2 −∆∆Ct method, and the levels were normalized to that of β-actin. The experiment was performed with triplicate samples.
Immunohistochemical Analysis of FLG and TGase1 Expression
The 3D model of the human epidermis was embedded in Tissue-Tek optimum cutting temperature (O.C.T.) medium (Sakura Finetek, Tokyo, Japan) and cut on a cryostat into 10-µm-thick frozen sections that were incubated in methanol for 5 min at 0 • C, dried, washed three times with PBS supplemented with 0.01% bovine serum albumin (BSA), then incubated with 10% goat serum in PBS in the humid chamber for 1 h at room temperature. After three washes with PBS supplemented with 0.01% BSA, the sections were subsequently incubated overnight at 4 • C in the humid chamber with polyclonal anti-FLG (Cusabio, College Park, MD, USA) and anti-TGase1 (Harber Bio-Product, Norwood, MA, USA) antibodies diluted 500-fold in PBS. The sections were washed three times with PBS supplemented with 0.05% Tween 20 and then incubated overnight at 4 • C in the humid chamber with the Alexa Fluor 488-conjugated F(ab') fragment of goat anti-rabbit IgG/IgM(H+M) (1:1000) and Alexa Fluor 546-conjugated goat anti-mouse IgG/IgM (H+M) (1:1000) (Invitrogen/Life Technologies, Carlsbad, CA, USA). After washing five times with PBS supplemented with 0.05% Tween 20 and once with PBS, the sections were mounted onto slides using Fluoromount (Japan Tanner, Osaka, Japan), covered with cover slips, and examined under a fluorescence microscope (BX51; Olympus, Tokyo, Japan).
Determination of Effects of Glyceraldehyde on the Relative Fluorescence Intensity Associated with Amino Carbonylation of Collagen
Native collagen acid solution (3 mg/mL) was added to a 24-well culture plate (180 µL per well), and was allowed to gel for 30 min at 37 • C in the incubator. After adding 20 µL of glyceraldehyde solution (6.25, 12.5, 25, 50, 100, 250, and 500 mmol/L), or PBS to collagen gel-coated culture wells, the 24-well plate was incubated in the humid chamber for four days at 37 • C in the incubator. Relative fluorescence intensity (excitation/emission, 360/460 nm) was measured with the fluorescence microplate reader. Results are expressed as the mean ± standard deviation of three experiments.
Measurement of ATP Content
Native collagen acid solution (3 mg/mL) was added to a 96-well plate at 90 µL/well. After incubation for 1 h at room temperature, 10 µL of glyceraldehyde (500 mmol/L) was added followed by incubation for three days. After three washes with PBS, 100 µL of 2% fetal bovine serum (FBS) containing Dulbecco's Modified Eagle's Medium (DMEM) was added followed by incubation for one day to remove residual glyceraldehyde. A 100-µL volume of HaCaT cells (100,000 cells/mL) in DMEM containing 2% FBS was added to the well followed by incubation for one day at 37 • C in the CO 2 incubator. The solution was replaced with 100 µL/well of DMEM containing 2% FBS (control) or DMEM containing 2% FBS and methylparaben (0.05, 0.1 and 0.2 mmol/L) and the cells were cultured for four days. ATP measurement reagent ("cell" ATP assay reagent) was added, and after 30 min the relative luminescence (RLU/sec) was measured as the amount of ATP. The experiment was carried out with triplicate samples.
Measurement of FLG mRNA Levels in Cultured HaCaT
A 35-mm dish was coated with native collagen acid solution (0.5 mL for 1 h). After washing with PBS, the collagen was amino carbonylated by treatment with 50 mmol/L glyceraldehyde solution for three days at 37 • C in the CO 2 incubator. After three washes with PBS, 1 mL of DMEM was added and the incubation was carried out for one day. After removing the DMEM in the well, 500 µL of HaCaT cells (300,000 cells/mL) were seeded in each well. After incubation for one day, the solution was replaced with 2% FBS-DMEM or 0.1 mmol/L methylparaben containing 2% FBS-DMEM. After culturing for two days at 37 • C in the CO 2 incubator, RNA was extracted and evaluated as described above. The experiment was carried out with triplicate samples.
Data Analysis
mRNA and ATP levels are expressed as mean ± standard deviation. An unpaired t test was performed to compare group means; p < 0.05 was considered statistically significant.
Results
Effects of Glyceraldehyde on the Relative Fluorescence Intensity of Amino-carbonylated BM and Effect of Amino Carbonylation of the BM on TEWL
The relative fluorescence intensity of BM treated with glyceraldehyde (2 and 5 mmol/L) was significantly increased concentration-dependently compared to that of the untreated control ( Figure 1A) . Furthermore, the relative fluorescence intensity of BM treated with 5 mmol/L glyceraldehyde (two, four, and six days) was significantly increased time-dependently compared to that of the untreated control ( Figure 1B) . ATP levels were lower in keratinocyte cultured on BM treated with 5 mmol/L glyceraldehyde (two, four, and six days) than in cells grown on untreated collagen gel ( Figure 1C) . TEWL in the 3D model of human epidermis was increased relative to that in the control when the BM was treated with glyceraldehyde for four days ( Figure 1D ), indicating that the barrier function of the epidermis was compromised. 
Effect of Amino Carbonylation of BM on the mRNA Expressions of FLG, TGase1, SPTLC2, GCase, and aSMase
The FLG and TGase1 transcript levels in the 3D model of the human epidermis were downregulated relative to those in the control upon BM amino carbonylation (Figure 2A,B) . Filaggrin is an important protein in the stratum corneum that participates in the production of NMF and is a determinant of water-retention capacity [24] . The cell membrane in the stratum corneum is thicker than that in other layers of the skin, a lining known as the cornified cell envelope (CE) on the inner side of corneocytes, suggesting that the CE is involved in cell membrane reinforcement. TGase1 is required for the formation of the CE in corneocytes, which are found in the stratum corneum. Thus, amino carbonylation of the BM decreased the moisturizing function of the stratum corneum and prevented of cornification.
SPTLC2 mRNA level in the 3D model of the human epidermis was decreased by glyceraldehyde treatment ( Figure 2C ). On the other hand, the transcript levels of GCase and aSMase were unaltered by amino carbonylation (Figure 2D ,E). 
SPTLC2 mRNA level in the 3D model of the human epidermis was decreased by glyceraldehyde treatment ( Figure 2C ). On the other hand, the transcript levels of GCase and aSMase were unaltered by amino carbonylation (Figure 2D,E) . 
Effect of Amino Carbonylation of the BM on FLG and TGase1 Protein Levels
We also examined the effect of the amino carbonylation of the BM on the protein levels of FLG and TGase1 in the 3D model of the human epidermis by immunohistochemistry. FLG and TGase1 were primarily localized to the stratum corneum layer of the epidermis cultured on the epidermal BM (normal BM) ( Figure 3A ). The 3D model of the human epidermis cultured on the aminocarbonylated BM showed decreased FLG and TGase1 protein levels and was labeled along with the stratum corneum layer of the epidermis cultured on the BM treated with glyceraldehyde ( Figure 3B ). Expression levels of target genes relative to the internal control (β-actin) were determined with the 2 −∆∆Ct method. Fold changes in gene expression levels are expressed as mean ± standard deviation of three experiments. * p < 0.05 vs. epidermal BM.
We also examined the effect of the amino carbonylation of the BM on the protein levels of FLG and TGase1 in the 3D model of the human epidermis by immunohistochemistry. FLG and TGase1 were primarily localized to the stratum corneum layer of the epidermis cultured on the epidermal BM (normal BM) ( Figure 3A ). The 3D model of the human epidermis cultured on the amino-carbonylated BM showed decreased FLG and TGase1 protein levels and was labeled along with the stratum corneum layer of the epidermis cultured on the BM treated with glyceraldehyde ( Figure 3B ). 
Effects of Glyceraldehyde on the Relative Fluorescence Intensity of Collagen Gel
The relative fluorescence intensity of collagen gel with treated glyceraldehyde (0.625, 1.25, 2.5, 5, 10, 25, and 50 mmol/L) was significantly higher than that of the untreated control; this effect was concentration-dependent ( Figure 4) . 
Effect of Methylparaben on the Decrease in ATP and FLG mRNA levels Caused by Amino Carbonylation of Collagen
ATP levels were lower in HaCaT cells cultured on amino-carbonylated collagen gel than in cells grown on untreated collagen gel ( Figure 5A ). The inhibitory effect of the amino carbonylation of collagen on ATP levels was abrogated by treatment with methylparaben at concentrations of 0.05, 0.1, and 0.2 mmol/L. These effects were significant relative to the control and were concentrationdependent. A similar trend was observed for filaggrin mRNA levels ( Figure 5B ). These decreases were abolished by treatment with methylparaben at a concentration of 0.1 mmol/L. Figure 5A ). The inhibitory effect of the amino carbonylation of collagen on ATP levels was abrogated by treatment with methylparaben at concentrations of 0.05, 0.1, and 0.2 mmol/L. These effects were significant relative to the control and were concentration-dependent. A similar trend was observed for filaggrin mRNA levels ( Figure 5B ). These decreases were abolished by treatment with methylparaben at a concentration of 0.1 mmol/L. 
ATP levels were lower in HaCaT cells cultured on amino-carbonylated collagen gel than in cells grown on untreated collagen gel ( Figure 5A ). The inhibitory effect of the amino carbonylation of collagen on ATP levels was abrogated by treatment with methylparaben at concentrations of 0.05, 0.1, and 0.2 mmol/L. These effects were significant relative to the control and were concentrationdependent. A similar trend was observed for filaggrin mRNA levels ( Figure 5B ). These decreases were abolished by treatment with methylparaben at a concentration of 0.1 mmol/L. 
Discussion
Various amino-carbonylated proteins are generated via the non-enzymatic reaction of aldehydes derived from glucose and lipids [1] . Although most amino-carbonylated proteins are degraded by the proteasome in the cell, collagen fibers that undergo amino carbonylation accumulate in the extracellular matrix, given that the half-life of collagen fiber in the skin is as long as 14.8 years [5] . If this leads to inflammation and matrix metalloproteinase activation, the amino-carbonylated collagen will be degraded, returning the skin to its original state. In the present study, we found that the ATP content in epidermal keratinocytes was reduced when the cells were cultured on amino-carbonylated collagen. Accumulation of amino-carbonylated collagen in the epidermal BM implies that the metabolic activity of mitochondria in epidermal keratinocytes is reduced. Moreover, TEWL in the 3D model of the human epidermis cultured on amino-carbonylated BM was increased, which was associated with reduced mRNA levels of filaggrin, TGase1, and SPTLC2. These results suggest that amino carbonylation of epidermal BM undermines the stratum corneum, specifically by decreasing its water retention capacity and barrier function.
Accumulation of AGEs has been detected in various tissues during aging and diabetes, including in collagen, skeletal and vascular smooth muscle, and the BM [34] . Furthermore, it has been reported that laminin and type IV collagen, which are important BM components, were non-enzymatically glycosylated in vitro [35] . Epidermal BM consists of lamina lucida, lamina densa, and lamina fibroreticularis layers on the epidermis side; keratinocyte hemidesmosomes in the epidermal basal layer are connected to type XVII collagen in the lamina densa via the lamina lucida. α6/β4 Integrin in the keratinocyte membrane binds the glycoprotein laminin and associates with type IV collagen in the lower lamina densa, which bind to reticular fibers (consisting of type III collagen) of connective tissue through anchoring fibrils composed of type VII collagen. We speculate that amino carbonylation of laminin, and type XVII and IV collagen in the BM affects epidermal function, but cannot rule out the possibility that it alters the structure and function of epidermal BM proteins.
CML combined with collagen is known to induce apoptosis in human skin fibroblasts [36] . Pentosidine-a cross-linking agent that exhibits fluorescence in AGEs produced from ribose, arginine, and lysine-is also present in the collagen of the dermis, reportedly at higher levels in patients with diabetes than in age-matched healthy subjects [37] . Advanced glycation end products of the glyceraldehyde-related Maillard reaction with glyceraldehyde and N α -acetyllysine, 3-hydroxy-5-hydroxymethyl-pyridinium were previously reported as exhibiting fluorescence at 298 nm (excitation) and 388 nm (emission) [38] . Given that the fluorescence wavelengths of collagen amino-carbonylated with glyceraldehyde were 360 nm (excitation) and 460 nm (emission), it is possible that other fluorescent molecules are generated. We found that the fluorescence intensity of the BM increased upon treatment with glyceraldehyde, indicating that a fluorescent cross-linked material was formed with collagen fibrils.
Aminoguanidine, OPB-9195 (2-isopropylidenehydrazono-4-oxo-thiazolidine-5-ylacetanilide), and LR-90 (methylene bis [4,4-(2 chlorophenylureido phenoxyisobutyric acid)]) are AGEs inhibitors, although they are not used in clinical settings [39, 40] . In the present study, we found that methylparaben-a widely used ingredient in cosmetics-abrogated the decrease in ATP and filaggrin mRNA levels caused by the culture of keratinocytes on amino-carbonylated collagen. A similar effect was observed with spermidine at concentrations of 1.7 and 3.4 mmol/L (data not shown). In addition, methylparaben suppressed filaggrin mRNA levels in HaCaT cultured on amino-carbonylated collagen gel at a concentration 0.1 mmol/L, with the effect of methylparaben being 35 times more potent than that of spermidine.
Conclusions
The results of this study indicate that amino carbonylation of the epidermal BM decreased moisture retention, keratinization, and ceramide synthesis in the stratum corneum, thereby reducing its barrier function; these effects were reversed by methylparaben. Thus, cosmetics containing methylparaben can potentially improve epidermal function that has been compromised by amino carbonylation of epidermal BM.
